The registration of the trajectories of arsenic and iodine ions in olivine and hypersthene crystals, considered as "track chambers", is reported; these trajectories are revealed by chemical etching and observed as tracks in an optical microscope.
It would be very interesting to assign to each of these solids the following characteristics: a) a critical nuclear charge, Zc, below which the ions are not registered whatever their energies may be; b) the values of the range of energies, AE, over which an ion of nuclear charge Z;>ZC gives an observable track. The knowledge of these characteristics for solids of different sensitivities would allow a better understanding of the nature of the damage that produces an "etchable track", and a better utilization of the fossil trades recently observed in some constituent minerals of meteorites -tracks which are attributed to nuclei of the VH-group of primary cosmic radiation 4 . This paper considers the validity and the limits of application of different criteria proposed during the last few years to determine the values of Zc and AE in solids. We have also attempted to apply the "best" of these criteria to deduce the values of Zc in two minerals which are common in meteorites and which have not been calibrated until the present work by means of artificially accelerated heavy ions. Phil. Mag. 4, 970 [1959] .
I. Experimental Results
Samples of olivine and hypersthene were exposed to a flux of accelerated arsenic and iodine ions. The crystals were then etched to reveal the trades. By decreasing the energy of the ions, it was possible to measure the critical energy, Ec, below which the ions no longer produced etchable trades. Then, by using methods which will be described later, we tried to deduce from Ec the value of the critical nuclear charge, Zc.
The As and I beams were obtained from the Heidelberg Tandem VAN DE GRAAFF accelerator by single stripping of the ions in the terminal. For the determination of the beam energy, a surface barrier counter was used. The counter was calibrated with 16 0 ions of 15, 20 and 25 MeV, scattered at a definite angle from a gold target. The energy of the As and I ions can then be derived with an accuracy of ± 1 MeV (As) and If MeV (I). The pulse height defect 5 between 16 0 ions and As ions should be negligible, but for the I-ions a difference of + 3 MeV relative to the 16 0 calibration can be expected.
Because the beam was quite inhomogeneous and had only a small diameter, a special irradiation technique was employed: a) Before each irradiation, we put into the sample holder a "positioner" sheet of glass which was placed normal to the beam and then etched 40 seconds in 48% hydrofluoric acid. Tracks were always revealed, because the glass was sensitive to all of the ions we were using. It was possible to see the entire spot with the naked eye.
b) The crystal to be studied was then fixed at the proper place and covered with a thin sheet of mica in such a way that the edge XX' of the mica covered half of the visible spot on the glass (Fig. 1) . The positioner lamella was put back in the same position in the holder and irradiated at two angles of incidence: 30" and 90°. We measured the following quantities for each of the energies used: a) the value of the ratio R between the density of tracks in the sample to be studied and in the mica (the counting of the tracks was done as closely as possible to the XX edge in order to reduce any effects due to inhomogeneities of the beam) ; b) the value of the ratio L between the lengths of the tracks in the samples and in the mica. It was known from other studies that the mica was sufficiently sensitive to register with unit efficiency the trades of all the ions we have used. Therefore, it was expected that the values of R and L would decrease rapidly as E approached Ec.
The experimental results are given in Table 1 . It can be seen that, in olivine, tracks are not registered for 12 MeV<E (As) <16 MeV, and 20 MeV <E(I) < 40 MeV. In hypersthene, the value of Ec for iodine ions must be near 18 MeV; however, the ** Fig. 2 beam was so inhomogeneous during this irradiation that we cannot be sure that the observed decrease of R is real. We are only certain that hypersthene is more sensitive than olivine. 
II. Discussion of the Results
The mechanism of damage which leads to the formation of etchable tracks in insulators is poorly understood. The formation of such tracks was first attributed to a displacement spike 2 , then to a thermal spike 6 and, more recently, to an ion explosion spike by FLEISCHER et al. 7 and MAURETTE 8 . This latest model explains the greatest number of experimental facts. The succession of models has led to modifications of the criteria proposed to predict, whether an ion of given energy and mass can give an etchable track.
After a brief description of these criteria we specify in the next section the limits of application of the one recently proposed by FLEISCHER et al. 9 . To illustrate these limitations we discuss the application of the present experimental work to the problem of detecting tracks due to nuclei of the VH-group of the primary cosmic radiation in olivine crystals of meteoritic origin.
II.I. Description of the criteria
As a consequence of the work done by FLEISCHER et al. 10 it was first thought that only ions with an average energy loss per unit of path length greater than a critical value, (d£/dX)c, could be registered.
In Fig. 3 senic and iron nuclei, the variation of the average energy loss in olivine as a function of energy 14 .
If this criteria were valid, a value of (d£/dZ)c«18 MeV/mg cm" 2 would be obtained from the value of Ec for arsenic ions measured in the present work. Using this value, it would then be possible to deduce a value for Zc of Ä:23, by finding the ion whose maximum value of dE/dX is equal to 18 MeV/mg cm -2 .
However some recent work 9 ' lo seems to show that the dE/dX criterion is not a proper description of track registration; therefore FLEISCHER et al. 4 ' 9 ' 10 proposed another one. They suppose that only those ions whose primary ionization rate S(Z, E) (in number of ions/cm) is greater than a critical value, Sc, will be registered. To apply this criterion, they calculated the S(Z, E) curves for different values of Z; by plotting experimental Ec values, it is possible to determine the critical primary ionization rate, Sc, below which trades are not formed. To deduce the corresponding Zc value, the curve S(E,ZC) whose maximum is equal to Sc must then be identified. 
Limits of Application of the Sc Criteria
We will show that the limits of application of the Sc criteria result from the uncertainty of the values of two basic parameters in the equation which is applied. To illustrate this point, we use the Sc criterion to deduce (from our experimental results) the characteristics of the registration of ions whose nuclear charges Z are less than that of arsenic. We choose a value of Z = 26 because of the interest in verifying whether the iron nuclei of the primary cosmic ray flux are registered in some olivine and hypersthene crystals of meteoritic origin. FLEISCHER et al. 4 have observed fossil trades in these meteoritic minerals and have attributed them to such ions.
A) Determination of the registration characteristics of iron nuclei in olivine crystals
For this determination, we have calculated the value of the ratio A (Fe, As) = S(Fe, E)/S (As, Ec) by applying a formula given by BETHE 16 . In the primary ionization model, the iron nuclei will not give tracks when £<1, they will be "poorly" registered when K~ 1, and they will be registered w r ith an efficiency of 100% in the energy range for whidi /v>l. The general expression for K is given by the following formula: although it is known that this formula is only an approximation at low energies it is apparently the best analytical expression for Zi* which is available. A and B are two constants in the BETHE formula. FANO .2 sion of K and in the following we consider X as a variable parameter the values of which will be given later.
In Fig. 4 and Table 2 we have summarized the results of our calculations for olivine. In Fig. 4 the £(Fe,As) curves for 4 values of ^"(9, 10,11, 13) and 2 values of £c (12 and 16 MeV) are plotted. In Table 2 we have listed different values of Ec for arsenic ions (column 1), the values of Xc such that for X = XC the iron nuclei are not registered (column 2), and the values of X for which the maximum trade length of iron nuclei in olivine would be « 10 ju™.
Examination of the curves shows clearly that if the X values are not determined with very high accuracy it is not possible to use the present result to conclude very much about the registration of Fe ions in olivine. Let us consider, for e. g., the values X = 9 and X= 10. For the smaller X value, the iron nuclei would be registered from Frain « 34 MeV to £max «190 MeV whereas, in the second case, it would not be possible to see the tracks. Moreover, the values listed in Table 2 show that this conclusion cannot be modified even if different values of Ec are chosen.
In the following paragraph we will show that it is not posible at present to determine precise values of X. For this reason, the Sc criterion cannot be applied quantitatively and therefore the question of Fe ion registration in olivine is not settled by the present work. It can be seen that, in general, the values of X for gases are nearly constant («9) when the atomic masses are high. If this value of 9 were also valid for solids 21 , we would conclude that ions of Z«26 would register in olivine. However the maximum length of iron tracks («30//) which can be deduced from this value of X is larger than the upper limit («10 //) deduced by FLEISCHER et al. 4 . B) 2. Estimation of a lower limit for X from the study of track length in olivines of meteoritic origin: The maximum length of tracks in meteoritic olivine is These trades could be due to VH nuclei (Z«26) of the cosmic rays. This upper limit of the track length of an "iron" nucleus can be used to deduce a lower limit of X«9.6 as follows:
21 According to U. FANO (Ann. Rev. Nucl. Sei. 13, 1 [1963] ), a very small change is to be expected as one goes from the gaseous state to the solid state. by successive approximations, the K (X) curve which intersects the K = 1 asymptote at = 0.6 and E = 2 MeV/nucleon can be identified; for these values of Ex and E2, a value /max^lO/* can be deduced by graphical integration of the dE/dX curves on
Ei B) 3. Estimation of the X values by the study of registration of heavy ion tracks in solids: If the Sc criterion is valid, it is correct to assume that there is a single value Sc which is characteristic of a solid and which does not depend on the nuclear charge or on the energy of the ions used to determine its value. Thus, there ar at least two methods of estimating the value of X from track measurement in solids.
If heavy ions of Zi>Zc are accelerated to high energies («10 MeV/nucleon), it should be possible, by decreasing progressively the ion energy, to measure successively the two values of the critical energies, Fmax and Fmin, which deliniate the energy range in which the ions are registered. The values of
E-i = S (Zi, E max) » ^max)
and K2 = S{Z [,E / m[n)lS(Zi,Emill) can then be determined, where F'max designates an energy slightly smaller than Fmax and F'min an energy slightly greater than Emm for which the ion is registered with an efficiency of 100%. Since Kx>l and &2>1 either an upper limit (for Kx) or a lower limit (for K2) of X can be deduced and therefore an estimation of (^min + ^max) • It is also possible to measure the X value by using ions of different nuclear charges Z;>ZC and measuring the Ec l value at low or at high energy. Then for a couple of ions, Zx, Z2, we can write down the following identity: 5(Z1,Fc 1 )«S(Z2,Fc 2 )«5c.
Therefore:
S(Z1, EC 1 )/S(Z2, £c 2 ) «1 .
By solving this identity, it is possible to get one value of X.
If the Sc criteria is valid, all the X values which can be obtained with different ions have to be compatible. For example, it would not be possible to get with the second method an X value which is outside the Xraas -Xmin interval determined by the first method.
We have carried out such calculations for olivine and also for mica, using the experimental data of FLEISCHER et al. 10 . The results of our calculations are listed in Table 3 , where we give in column 1 the values of K = S (Z;, E{) /S(Z-}, E}) and in column 2 the limits or values of X, as deduced from the relation K 1. 
K(B/A) = S(Zi

II.3. Discussion
The values of X listed in the Table 3 for olivine and mica show that the limits and values of X are compatible. From this it can be concluded that, within the experimental error, the primary ionization model is consistent with the results.
However, it can be seen that the spread in X values is rather large and this, in turn, implies that a precise determination of Zc cannot be obtained from the studies of registration of heavy ions of Z\ > Zc. In particular Zc for olivine is uncertain to ± 5 charge units being equal to 26 + 5.
Although the available experimental results with accelerated heavy ions are consistent with the primary ionization criteria, they do not constitute a definite proof of the validity of the model. For example, in olivine, the lower limits of X deduced from the length distribution of fossil tracks in meteorites is greater than some of the upper limits derived in other ways. Also, the X value for mica (X«14) is much greater than the upper limit of X deduced for olivine. This observation is disturbing in light of the previously mentioned fact that the X values are relatively constant for elements in the gaseous state. The fact that mica and olivine have virtually the same average atomic number £(«12) and that their mean excitation potentials are both nearly equal to 140 eV 22 makes it difficult to understand the difference in X values between these two materials 23 .
Moreover, it appears to be difficult, for two independent reasons, to apply the SC criterion in its actual form: a) according to WILLIAMS 24 , the BETHE equation is valid only when Z(e 2 Jhv) 1; in our experiments and in those of FLEISCHER et al., the values of this parameter vary between 1/5 and 3/4, therefore, the interpretation of the experiments cannot be taken for granted; b) it is impossible to obtain accurate values of the effective charges of heavy ions at low energies (below 0.5 MeV/nucleon); this accentuates the inadequacy of the BETHE equation.
We conclude that the problem of the registration of YH nuclei in crystals of meteoritic origin cannot be solved by the study of the registration of acceler- 23 However, we cannot exclude the possibility that the difference in sensitivity between mica and olivine is due to a difference between the values of X. It would be interesting to ated heavy ions of Z> 26. Crystals for which Zc»26 will have to be exposed to a beam of accelerated iron nuclei whose energies are high enough (»60 MeV) to produce a maximum value in the rate of energy losses, or another method for the study of the registration sensitivity of solids as given by HORN and v. OERTZEN may be used 25 . In this method elastically scattered nuclei of the relevant element are knocked into the material to be studied *.
